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Loss of Coordinated Neutrophil
Responses to the Human Fungal

Pathogen, Candida albicans, in Patients
With Cirrhosis
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Neutrophils are the most abundant white blood cell in the body and are key participants in the defense against fungal
infections. Fungal infections occur often in patients with cirrhosis and are associated with increased 30-day and 90-
day mortality. Previous studies have shown that specific neutrophil functions are abnormal in patients with cirrhosis,
although the extent of neutrophil dysfunction is not well understood. We tested the ability of neutrophils from 21
hospitalized patients with cirrhosis and 23 healthy control patients to kill Candida albicans, a common fungal patho-
gen in patients with cirrhosis. Using an assay, we also measured the ability of neutrophils to coordinate multicellular,
synchronized control of C. albicans hyphae through a process known as swarming. We found that neutrophils from
patients with cirrhosis have significantly decreased fungicidal capacity compared with healthy control neutrophils (53%
vs. 74%, P < 0.0001) and diminished ability to control hyphal growth normalized as a ratio to healthy control (0.22 vs.
0.65, P < 0.0001). Moreover, serum from patients with cirrhosis decreases the ability of healthy control neutrophils to
kill C. albicans (from 60% to 41%, P < 0.003). Circulating concentration of the inflammatory cytokines tumor necrosis
factor «, interleukin-6, and interleukin-8 were found to be significantly elevated in patients with cirrhosis compared
to healthy controls. Following pretreatment with granulocyte-colony stimulating factor and granulocyte-macrophage
colony-stimulating factor, neutrophil function was restored to almost that of healthy controls. Conclusion: Our data
establish profound neutrophil dysfunction against, and altered swarming to, C. albicans in patients with cirrhosis. This
dysfunction can be partially reversed with cytokine augmentation ex wvivo. (Hepatology Communications 2021;5:502-515).

eutrophils are the most abundant white blood
cell in the body and are an important part of
the innate immune system defense against
bacterial and fungal infections. Patients with cirrho-
sis, especially in those with end-stage liver disease and
critical illness, are known to be at increased risk of

fungal infections, which is associated with increased
mortality.(1'3) A diverse number of fungal species can
infect patients with cirrhosis, including Candida sgae—
cies, Cryprococcus, and molds such as Aspergillus. 2-5)
Although prior studies have demonstrated neu-
trophil defects in response to bacterial and fungal
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pathogens,®? this study additionally highlights how
both soluble extrinsic and cell-intrinsic factors result
in neutrophil defects with decreased ability to control
C. albicans.

Neutrophils respond to infection through a multi-
step process that begins with migration to the site of
infection. Recently, the process of neutrophil migra-
tion and accumulation at sites of infection was deter-
mined to involve neutrophil-neutrophil cooperation
and positive-feedback intercellular loops that acceler-
ate neutrophil accumulation and enhance antifungal
effectiveness.'? This process, termed “swarmin%,” is
essential for restricting and killing pathogens. 13,14)
Neutrophils neutralize pathogens by phagocytosis,
generation of reactive oxygen species (ROS), degran-
ulation and release of antimicrobial proteins, and for-
mation of neutrophil extracellular traps (NETs).!>1¢
Even at homeostasis, neutrophils are short-lived cells
with an estimated half-life of 8-18 hours.1® Despite
their short life span, many variables can influence neu-
trophil function, including medications and cytokines.
Beta blockers, for instance, can decrease oxidative
burst.’” On the other hand, growth factors including
granulocyte-colony stimulating factor (G-CSF) and
granulocyte-macrophage colony-stimulating factor
(GM-CSF) have been shown to augment or “prime”
neutrophil function, allowing for enhanced response
to pathogens. 1%
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In patients with cirrhosis, specific neutrophil func-
tions including phagocytosis, generation of ROS, and
intracellular killing are impaired when neutrophils are
exposed to bacterial components or toxins.®””) With
the exception of rare studies,(zo) these functions have
been found to be impaired when neutrophils from
patients with cirrhosis interact with C. albicans. "M
Although migration of neutrophils from patients
with cirrhosis is defective, the coordinated process of
swarming has not been previously studied.®** In
addition, use of cytokine augmentation with GM-CSF
has been shown to improve neutrophil phagocytosis
in patients with cirrhosis, but has not been studied
in clinical trials.*V Similarly, G-CSF has also been
observed to improve neutrophil phagocytosis and gen-
eration of ROS.%*?3) Clinical trials treating patients
with compensated and decompensated cirrhosis with
G-CSF demonstrate contradictory results. 3"

We therefore postulated that neutrophils from
patients with decompensated cirrhosis have a decreased
ability to control the fungal pathogen C. albicans
through loss of a coordinated swarming effort. We
hypothesize this defect is due in part to both cell-
intrinsic and cell-extrinsic defects, including serum
cytokine levels. We further sought to define the effect
of G-CSF and GM-CSF on the synchronized, swarm-
ing response of neutrophils, to determine whether this
critical function is responsive to cytokine augmentation.
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Materials and Methods

MATERIALS

Nonidet P40 (NP40) was purchased from
American Bioanalytical (Natick, MA). Culture
medias used included liquid YPD (1% yeast extract,
2% peptone, 2% dextrose; Sigma-Aldrich, St.
Louis, MO), liquid MOPS-RPMI (Roswell Park
Memorial Institute 1640 medium containing 2%
glucose and 0.165 M c3-[N-morpholino]propane
sulfonic acid [MOPS], buffered at pH 7), and com-
plete RPMI (RPMI with 2 mM L-glutamine, 10%
heat-inactivated fetal bovine serum [FBS], and 1%
penicillin-streptomycin; Thermo Fisher Scientific,
Waltham, MA).

Wild-type C. albicans (SC5314) was purchased
from the American Type Cell Culture (Manassas,
VA). Yeast cultures were grown overnight in lig-
uid YPD at 30°C with shaking, washed twice in
phosphate-buffered saline (PBS) after collection,
counted with a Luna automated cell counter (Logos
Biosystems, Annandale, VA), and resuspended in PBS

at the desired inoculum.

PATIENTS AND DATA
COLLECTION

The study was performed following the 1975
Declaration of Helsinki and was approved by the
institutional review board of the Massachusetts
General Hospital (MGH). Twenty-one patients
with cirrhosis diagnosed by either liver biopsy or
imaging admitted to the MGH and 23 healthy
control patients presenting to a local primary care
clinic were identified from September 2018 to April
2019. Written, informed consent was then obtained
before sample and data collection. Sample collection
consisted of obtaining one 10-mL sample of periph-
eral blood in an ethylene diamine tetraacetic acid
(EDTA)-coated tube at room temperature at the
time of routine phlebotomy. Samples were collected
and stored at room temperature for a maximum of
4 hours before processing. Data collected included
age, race/ethnicity, etiology of cirrhosis, evidence of
ascites, evidence of spontaneous bacterial peritonitis
(SBP) by cell count or microbial culture, need for
renal replacement therapy at least twice per week in
the 2 weeks before sample collection, serum sodium,
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potassium, blood urea nitrogen (BUN), creatinine,
aspartate aminotransferase (AST), alanine amino-
transferase (ALT), alkaline phosphatase (ALP), and
total bilirubin levels, as well as complete blood cell
counts including leukocyte differential. Such base-
line lab values were collected either the day of, or up
to 2 days before, consent. Model of End-Stage Liver
Disease (MELD) scores were calculated from the
collected data. Medication use including midodrine,
octreotide, beta blockers, proton pump inhibitors
(PPIs), corticosteroids, vasopressors, antibiotics, and
antifungals was recorded. Evidence of C. albicans
colonization, defined by at least two cultures pos-
itive for C. albicans from two separate sites in the
past 6 months, and evidence of other bacterial and
tungal infections during admission was recorded.

NEUTROPHIL ISOLATION

The buffy coat layer was isolated from each tube of
whole blood through centrifugation. Plasma samples
were collected and stored at -80°C for each patient.
Neutrophils were isolated by negative selection from
the buffy coat layer using the EasySep Direct Human
Neutrophil Isolation Kit (STEMCELL Technologies,
Cambridge, MA). In accordance with the manu-
facturer protocol, neutrophils underwent a series
of incubations in the EasyEights EasySep Magnet
(STEMCELL Technologies). The recovered neu-
trophils were washed and counted using an acridine
orange/propidium iodide (AO/PI) viability dye on an
automated cell counter (LUNA; Logos Biosystems,
Annandale, VA). Purified neutrophils were resus-
pended in RPMI. To ensure purity, neutrophil
preparations were also subjected to Wright-Giemsa
staining by staining 4 minutes in Wright, followed by
12 minutes in 20% Giemsa, then visualized with light
microscopy. Final neutrophil purity and viability was
measured at over 94%.

KILLING ASSAYS

Killing assays were performed in 96-well
clear-bottom plates. A total of 5 x 10* human neu-
trophils were plated with C. albicans at a multiplicity
of infection (MOI) of five in 100 pL of complete
RPMI. The plates were incubated at 37°C and 5%
CO, for 2 hours. Following the initial incubation,
mammalian cells were lysed with 4-times NP40,
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and each well received an addition of optimized
yeast growth media (MOPS-RPMI) to supple-
ment Candida growth. Finally, 10% PrestoBlue Cell
Viability Reagent (Thermo Fisher Scientific) was
added to each well. The plates were then incubated
at 35°C and 5% CO, until percent remaining live
pathogen was measured at a predetermined end-
point in a plate reader (SpectraMax i3x; Molecular
Devices, Sunnyvale, CA). Results were reported as
the percent of pathogens killed by the neutrophils
(“percent killing”).

To determine the effects of patient serum on neu-
trophil function, plasma samples were thawed and
chelated with CaCl, (20% m/v) at a 1:100 ratio to
remove EDTA (as EDTA was observed to kill C.
albicans independently) and convert plasma to serum.
Healthy control neutrophils were incubated at 37°C
and 5% CO, with Candida at a MOI of 10 for 2
hours in RPMI containing 20% serum from healthy
control and patients with cirrhosis. Mammalian cell
lysis and percent remaining live pathogen was mea-
sured as described previously.

To determine the medication effects on neu-
trophil function, 5 x 10* human neutrophils were
plated in 100 pL of complete RPMI media contain-
ing varying concentrations of drug and incubated
at room temperature for 5 minutes. C. albicans was
then added to wells at a MOI of 10. The plates
were incubated at 37°C and 5% CO,. Following the
initial incubation, cell viability was confirmed with
AO/PI to ensure the drugs were not toxic to the
neutrophils. Then, mammalian cells were lysed, and
the percent remaining live pathogen was measured
as described previously.

SWARMING ASSAYS

Neutrophil swarming was measured using arrays
of clusters of C. albicans. Using a microarray printing
platform (Picospotter PolyPico, Galaway, Ireland),
arrays of spots using a solution of poly-L-lysine
(Sigma-Aldrich), Zetag, and fluorescein isothiocy-
anate (added to visualize the spots by microscopy)
were printed onto ultraclean glass slides (Thermo
Fisher Scientific). Slides were screened for accu-
racy and then dried for at least 2 hours before
use. Sixteen-well ProPlate wells (Grace Bio-labs,
Bend, OR) were attached to the glass slides with
printed arrays. A total of 50 puL of a suspension of
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C. albicans inoculums in water was added to each
well and incubated with rocking for 5-10 minutes.
Following incubation, wells were thoroughly washed
with water to remove unbound yeast from the glass
surface. Wells were screened to ensure appropri-
ate patterning of targets onto the spots with min-
imal nonspecific binding before use. Swarming was
observed using a Nikon Ti-E microscope (Tokyo,
Japan). Time-lapse imaging was conducted using
a x10 Plan Fluor Phl DLL (numerical aperture
[NA] = 0.3) lens, and endpoint images were taken
with a x2Plan Apo (NA = 0.10) lens. Swarming
targets to be observed during the experiment were
selected and saved using the multipoint function in
NIS-Elements before loading. A total of 5 x 10°
neutrophils in Iscove’s modified Dulbecco’s medium
with 20% FBS were then added to each well. All
selected points were optimized for perfect focus
before launching the experiment. For cells treated
with cytokines, neutrophils were pre-incubated for
30 minutes with G-CSF at 300 ng/mL or GM-CSF
at 0.2 ng/mL before use. Hyphal escape analysis was
performed by manually observing the time lapses to
identify the time that C. a/bicans hyphae escaped the
area of the neutrophil swarm. Fungal growth area
analysis was done in Image] software by manually
outlining the area covered by fungal growth after
16 hours of incubation.

SERUM CYTOKINE
QUANTIFICATION

Patient plasma samples were assayed for serum
cytokine levels using a Luminex assay (Biotechne,
Minneapolis, MN). In brief, samples were thawed
at 4°C before assay and kept on ice throughout the
assay procedures. Manufacturers’ protocols were
followed for all panels, with a general protocol as
follows: All kit components were brought to room
temperature. Reagents were prepared as per kit
instructions. Assay plates (96-well) were loaded with
assay buffer, standards, samples, and beads and then
covered and incubated on a plate shaker (500 rpm)
overnight at 4°C. After primary incubation, plates
were washed twice, and then detection antibody
cocktail was added to all wells; the plates were cov-
ered and left to incubate at room temperature for
1 hour on a plate shaker. Streptavidin-phycoerythrin
fluorescent reporter was then added to all wells,
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and plates were covered and incubated for 30 min-
utes at room temperature on a plate shaker. Plates
were then washed twice, beads were resuspended in
sheath fluid, placed on a shaker for 5 minutes, and
then read on Bio-Plex 200 following the manufac-
turers’ specifications and using Bio-Plex Manager
software v6.0.

STATISTICS

Data are presented as mean + SD. Groups were
compared using the Mann-Whitney U test. For com-
parison of more than two groups, parametric or non-
parametric one-way analysis of variance was used,
where appropriate. Correlations were evaluated with
the Spearman’s correlation coefficient (two-tailed
P value). A P value less than or equal to 0.05 was
considered statistically significant. GraphPad Prism8
(GraphPad Software Inc., San Diego, CA) software

was used.

Results

PATIENT BASELINE
DEMOGRAPHICS AND CLINICAL
PARAMETERS

After obtaining informed consent, 21 hospitalized
patients with cirrhosis and 23 healthy control patients
were recruited from November 2018 to April 2019.
Demographic, clinical, and laboratory information was
extracted from the electronic medical record (Tables 1
and 2). In the cirrhosis group, the major etiology of
cirrhosis was alcohol-related (57%, n = 12), followed
by nonalcoholic fatty liver disease (NAFLD; 29%,
n = 6), hepatitis C virus (HCV; 14%, n = 3), and other
(19%, n = 4). Three of those patients had multifacto-
rial cirrhosis and therefore were included in all appli-
cable groups. Fifteen patients with cirrhosis had acute
on chronic liver failure, while 6 had acute decompen-
sated cirrhosis without end organ failure. The average
MELD score was 28. Fifteen of 23 (71%) had evi-
dence of ascites on admission, and 4 of these patients
had evidence of SBP by either cell count or micro-
bial growth from culture. Four of 23 (19%) patients
required inpatient renal replacement therapy at least
twice per week in the 2 weeks before sample collection.
Four of 23 (19%) were in the medical intensive care
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TABLE 1. DEMOGRAPHIC AND CLINICAL
CHARACTERISTICS OF 23 HEALTHY CONTROLS
AND 21 PATIENTS WITH CIRRHOSIS

Healthy Controls  Patients With Cirrhosis
(n=23) (n=21)
Age (years) 49.3+15.2 56.8+10.7
Ethnicity, n (%)
White 20 (87%) 20 (95%)
Black 1 (4%) 0(0%)
Other 2 (9%) 1 (5%)
Etiology, n (%)
Alcohol — 12 (57%)
NAFLD — 6 (29%)
HCV — 3 (14%)
Other — 4 (19%)
Clinical characteristics
AD — 6 (29%)
ACLF — 15 (71%)
Ascites — 15 (71%)
SBP — 4 .(19%)
DM — 5 (24%)
Renal replacement — 4 .(19%)
therapy
Candida colonization — 4.(19%)
Medications, n (%)
Beta-blockers 2 (9%) 3 (14%)
Furosemide 0 4.(19%)
Octreofide 0 5 (24%)
PPI 0 15 (71%)
Lactulose 0 15 (71%)
Rifaximin 0 16 (76%)

Note: Data are presented as mean + SD or number (percentage) as
appropriate.

Abbreviations: ACLF, acute on chronic liver failure; AD, acute
decompensated cirrhosis.

unit and on vasopressors at the time of sample collec-
tion. Most patients with cirrhosis were treated with
lactulose (71%, n = 15), rifaximin (76%, n = 16), and
PPIs (71%, n = 15). Relatively few patients were being
treated with beta blockers (14%, n = 3) or diuretics,
including furosemide (19%, n = 4) and spironolactone
(29%, n = 6). Patients with cirrhosis had significantly
different serum sodium, BUN, creatinine, AST, total
bilirubin, albumin, hemoglobin (Hb), and platelet lev-
els compared with healthy controls (Table 2). There
was no statistically significant difference in the white
blood cell (WBC) count or ALT, and patients with
cirrhosis paradoxically had higher absolute neutrophil
counts (ANCs) than healthy controls (Table 2).
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TABLE 2. BIOCHEMICAL AND COMPLETE BLOOD COUNT PARAMETERS OF HEALTHY CONTROLS AND
PATIENTS WITH CIRRHOSIS

Healthy Controls Patients With Cirrhosis
n Mean + SD, range n Mean + SD, range PValue
Biochemistry/liver injury
Sodium (mmol/L) 17 140.2 +2.01,136-143 21 136.43 +4.47,125-149 0.0002
BUN (mg/dL) 17 15.35 + 4.26,9-26 21 32.76 +24.97,7-111 0.0006
Creatinine (mg/dL) 17 0.93+0.2,0.48-1.30 21 1.65+0.87,0.58-4.00 0.002
ALT (UL) 10 22.60 +12.44,12-50 21 35.57 £27.49,9-111 0.2539
AST (U/L) 9 23.78 +4.41,17-31 21 74.33 +47.72,24-165 <0.0001
ALP (U/L) 9 63.44 +33.17,4-101 21 150.3 + 52.47,83-268 <0.0001
Total bilirubin (mg/dL) 9 0.62+£0.34,0.3-1.3 21 11.80+11.55,0.5-37.9 <0.0001
Albumin (g/dL) 9 4.32+0.38,3.4-4.7 21 3.11+£0.58,1.8-4.2 <0.0001
INR 0 — 21 2.05+0.72,1.1-42 —
MELD — — 21 27.86 +£9.23,13-45 —
Complete blood cell counts
WBC count (10%/uL) 14 6.57 £1.73,3.7-10.04 21 8.32 +4.29,2.84-18.44 NS
ANC (10%uL) 7 3.43£1.07,2.19-5.32 14 6.24 £ 3.46,1.9-14.59 0.0379
Hb (g/dL) 14 14.24 +1.28,12.1-17 21 8.58+£1.43,7-12.2 <0.0001
Platelets (103/uL) 14 274.6 + 68.06,166-390 21 85.52 +82.03,15-311 <0.0001

Note: Data are presented as mean + SD as appropriate. P values represent Mann-Whitney U test results.
Abbreviations: INR, international normalized ratio; NS, no significance.

NEUTROPHIL KILLING OF
C. ALBICANS

Neutrophil killing of C. albicans ex vivo is sig-
nificantly decreased in patients with cirrhosis com-
pared with healthy controls (53 + 14% vs. 74 + 11%,
P < 0.0001) (Fig. 1A). Interestingly, neutrophil fun-
gicidal activity did not correlate with higher MELD
scores (r = 0.32, P = 0.23) (Fig. 1B). Candida killing
capacity was not associated with ALT, ALP, or albu-
min (Fig. 1B). In addition, neutrophil function was
not significantly correlated with any hematologic
parameter (Fig. 1C). Neutrophil function was not sig-
nificantly different in patients among various etiolo-
gies of cirrhosis, with neutrophil killing of C. albicans
of 54%, 45%, 57%, and 61% in patients with alcohol,
NAFLD, HCV, and other etiologies of cirrhosis,
respectively (Fig. 1D). Given the importance of dia-
betes to neutrophil function, we examined the correla-
tion of diabetes in the cirrhosis cohort. The presence
of diabetes mellitus (DM) in patients with cirrhosis
was not significantly related to Candida killing capac-
ity (DM, 57.60 + 18.30%; no DM, 50.13 + 12.94%;
P = 0.28). We also investigated the potential impact
of antimicrobials on immune function. Patients with
cirrhosis receiving fluoroquinolones (FQ) had a small,

but significant decrease in fungicidal activity when
compared with those patients not receiving FQ_(FQ,
43.33 + 9.56%; no FQ, 55.33 + 14.61%; P < 0.05).
Removing patients with FQ_use did not alter the sig-
nificant difference in Candida killing capacity between
healthy controls versus patients with cirrhosis (percent
killing of patients with cirrhosis not receiving FQ_=
55.33 + 14.61% vs. healthy controls = 71.88 + 10.63%;
P < 0.005). These results suggest an intrinsic neutro-
phil defect contributes to decreased C. albicans killing
in patients with cirrhosis.

SERUM EFFECT ON HEALTHY-
CONTROL NEUTROPHIL
FUNGICIDAL CAPACITY

of healthy neutrophils
with serum from patients with cirrhosis, but not
with serum from healthy control patients, sig-
nificantly decreased fungicidal activity (cirrhosis
serum, 41 + 19%; healthy control serum, 60 + 12%;
P < 0.003) (Fig. 2A). The neutrophil killing defect
was not significantly related to MELD score nor
serum ALT values (Fig. 2B). The defect was also
not significantly related to the etiology of cirrho-
sis or hematologic parameters (data not shown).

Incubation control
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FIG. 1. Neutrophils from patients with cirrhosis have a diminished ability kill C. a/bicans. (A) Neutrophil percent killing of C. albicans is
significantly decreased in patients with cirrhosis (n = 21) compared to healthy controls (n = 14). Neutrophil percent killing of C. albicans
is not correlated with biochemical measures of liver function, including MELD scores (B), nor WBC count, ANC, Hb, or platelet count
(C). (D) Neutrophil percent killing of C. albicans does not differ in patients with alcoholic (EtOH), NAFLD, HCV, or other etiologies of
cirrhosis. P < 0.0001 (Mann-Whitney U test). Abbreviation: EtOH, ethanol.

Interestingly, neutrophil killing was negatively cor-
related with albumin (r = -0.25, P = 0.28) and ALP
levels (r = -0.35, P = 0.13) (Fig. 2B) in serum from
patients with cirrhosis, although they did not reach
statistical significance. Of note, patients with higher
serum albumin levels had not received more albumin
infusions before sample collection, although MELD
scores were higher. These data suggest that there is
an additional extrinsic serum factor that affects neu-
trophil function. We therefore tested the effect of
medications commonly used to manage cirrhosis on
healthy-control neutrophil function, and addition-
ally measured circulating cytokine levels.
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MEDICATION EFFECT ON
NEUTROPHIL FUNGICIDAL
CAPACITY

Healthy neutrophils were incubated with concen-
trations of nadolol, propranolol, octreotide, furose-
mide, and pantoprazole, likely to be used in routine
care of patients with cirrhosis. Cephalosporin antibi-
otics were not tested due to their lack of documented
effect on neutrophil function.?® Drug dose ranges
were based on prior pharmacokinetic studies.%*3V
The fungicidal capacity of neutrophils from patients
with cirrhosis treated with spironolactone, furosemide,



HEPATOLOGY COMMUNICATIONS, Vol. 5, No.3, 2021 KNOOIHUIZEN, ALEXANDER, ET AL.

A
100~
*%k
80— | |
o
c 60+
x 40
° e
o~
20—
0 1 1
Healthy Control Cirrhosis
B
1009 _ 005 1007~ 009
g0 P=085 g0 P=070
o L]
£ 60 oo . 601 *u .
> «® o °® °
= 4 - e s, 40 o . . .
20 . 204 o o
n (] (] n () (]
v 1 1 1 1 1 v T T 1
0 10 20 30 40 50 0 50 100 150
MELD-Na ALT(U/L)
1007 = 025 1007 r=-0.35
g0 P=028 s P=013
o L4 .
£ 607 %, 60- o o,
E LY L] 4
°\°40_ " ‘.. R 40 s . .' .
20 oo 20+ o o
n [ 2 ) n (1)
v 1 1 T 1 1 b T T T T T 1
0 1 2 3 4 5 0 50 100 150 200 250 300
Albumin (g / dL) Alkaline phosphatase (U/L)

FIG. 2. Serum from patients with cirrhosis impairs fungicidal capacity of healthy neutrophils. (A) Incubation of healthy neutrophils with
serum from patients with cirrhosis (n = 20) significantly decreased neutrophil percent killing of C. albicans compared with incubation with
control serum (n = 23). (B) The decrease in neutrophil killing capacity was not associated with calculated end-stage liver disease (MELD)
scores, ALT levels, ALP, or albumin in serum from patients with cirrhosis. **P < 0.002 (Mann-Whitney U test).

beta blockers, octreotide, or pantoprazole on the day Fig. S1). Together, these data indicate that these spe-
of sample collection did not show significantly altered  cific medications do not influence neutrophil function

Candida killing by healthy neutrophils (Supporting (Fig. 3).
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FIG. 3. Medications commonly used to manage cirrhosis do not affect neutrophil killing of C. albicans. Incubation of healthy neutrophils
with nadolol (A), propranolol (B), octreotide (C), furosemide (D), and pantoprazole (E) at concentrations likely to be found in human
serum based on prior pharmacokinetic studies did not significantly alter C. albicans killing capacity.

TABLE 3. BIOCHEMICAL CHARACTERISTICS
OFHEALTHY CONTROLS AND PATIENTS WITH

CIRRHOSIS
Patients With
Controls (n=23)  Cirrhosis (n=16)  PValue
IL-6 (pg/mL) 2.02 +4.55 88.71 +145.53 0.0001
IL-8 (pg/mL) 0.67 +1.74 23.99 +31.01 <0.0001
IL-15 (pg/mL) 2.55+12.03 2,92 +3.25 NS
TNF-o (pg/mL) 2.22 +5.88 5.66 + 2.41 <0.001

Note: Data are presented as mean + SD. P values represent Mann-
Whitney U test results.
Abbreviation: NS, no significance.

PLASMA CYTOKINE LEVELS

Plasma concentration of the cytokines interleukin
(IL)-6, IL-8, and tumor necrosis factor a (TNF-)
were measured from plasma of 23 healthy-control
patients and 16 patients with cirrhosis. Patients
with cirrhosis were found to have significantly
higher plasma levels (2-times to 35-times concen-
tration compared with healthy-control serum) of

IL-6, IL-8, and TNF-a (Table 3). To determine
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whether the presence of SBP contributed to the
elevation of inflammatory cytokines, patients with
cirrhosis were separated into cohorts: those with
proven SBP and those without. Patients with cir-
rhosis with SBP did not have significantly different
plasma levels of IL-6 (SBP, 97.54 + 39.22 pg/mlL,;
no SBP, 86.67 + 161 pg/mL; P = 0.07), IL-8 (SBP,
23.37 = 23.90 pg/mL; no SBP, 24.13 + 32.83 pg/mL,;
P =0.65), IL-15 (SBP, 3.63 + 2.98 pg/mL; no SBP,
2.75 + 3.36 pg/mL; P = 0.45), or TNF-a (SBP,
5.96 = 1.85 pg/mL; no SBP, 5.59 = 2.55 pg/mL;
P = 0.77) when compared to patients with cirrhosis
without SBP, suggesting that while cirrhosis results
in elevated cytokines, there was no further elevation
accountable to SBP alone.

NEUTROPHIL SWARMING AND
C. ALBICANS ESCAPE

Six representative patients with cirrhosis with an
average MELD of 32 were randomly selected for
swarming studies in the setting of fixed Candida spots
(Supporting Table S1). The etiology of cirrhosis was
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alcohol in 4 of 6 (67%); 4 of 6 (67%) had evidence
of ascites on admission; and 2 of 6 (33%) had SBP
at the time of sample collection. Additionally, most
were taking lactulose (67%, n = 4) and rifaximin (83%,
n = 5). None were taking beta blockers; half were tak-
ing spironolactone (50%); and two were on furose-
mide (33%) (Supporting Table S1).

Patients with cirrhosis had relatively normal neu-
trophil accumulation during swarming responses to
C. albicans, as observed under fluorescent light micros-
copy (Fig. 4A). However, the swarms were severely
defective in their ability to control fungal growth, as
demonstrated by early C. albicans hyphae escape from
neutrophil swarms from patients with cirrhosis compared
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to healthy controls (Fig. 4B). The total area covered by
growing Candida was significantly larger after 16 hours
of incubation (Fig. 4C), suggesting an intrinsic defect
in neutrophil-to-neutrophil cooperative communication
and organization from patients with cirrhosis.

NEUTROPHIL G-CSF AND GM-CSF
PRIMING

Priming with the growth factors G-CSF and
GM-CSF both significantly increased the time
required for C. albicans hyphae to escape the swarm
(Fig. 5A) and decreased the overall size of the C. albi-
cans aggregate after 16 hours (Fig. 5B).
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FIG. 4. Ineffective control of C. albicans growth, despite swarming by neutrophils from patients with cirrhosis. Live C. a/bicans were
patterned in clusters on poly-1-lysine/Zetag arrays. Human neutrophils were purified from peripheral blood from healthy donors or 6
different patients with cirrhosis and added to the C. albicans arrays to observe neutrophil swarming responses. (A) Time-lapse images show
the progression of neutrophil swarming to C. albicans patterns. Brightfield, 4’,6-diamidino-2-phenylindole (Hoechst staining), fluorescein
isothiocyanate (Sytox green) and Cy5 (C. albicans) channels are presented. (B) Time to escape of C. albicans hyphae from established
neutrophil swarms from 6 patients with cirrhosis compared to control (n = 16 swarms per sample from patients with cirrhosis and n = 80
swarms across four healthy control samples). (C) Normalized area of fungal growth by C. albicans growth after 16 hours in the presence of
neutrophils from patient with cirrhosis compared to control (n = 96 swarms per sample from patients with cirrhosis and n = 366 swarms
across four healthy control samples). ***P < 0.0001 (Kruskal-Wallis). Error bars represent SD. Scale bar represents 100 pm.
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FIG.5. Restoration of coordinated neutrophil swarming response to C. albicans following priming with G-CSF and GM-CSF. Neutrophils
from patients with cirrhosis were primed for 30 minutes with 0.2 ng/mL GM-CSEF, 300 ng/mL G-CSF, or placebo before being added to
C. albicans arrays to examine neutrophil swarming responses. (A) Time to escape of C. albicans hyphae from the swarm. (B) Normalized
area of fungal growth by C. albicans by 16 hours comparing primed to untreated neutrophils from patients with cirrhosis: n = 16 swarms
for each cirrhotic condition, for hyphal escape; and n = 96 swarms for each cirrhotic condition, for fungal growth, except for C5 GM-CSE,
which has 48 swarms. The average control value is shown as a reference in each graph. ***P < 0.0001 (one-way analysis of variance with
Tukey’s post-hoc test for (A), and Kruskal-Wallis with Dunn’s posttest for (B). Error bars represent SD.

Discussion

Our study demonstrates that human neutrophil
responses to the fungal pathogen C. albicans are sig-
nificantly diminished in patients with cirrhosis com-
pared to healthy controls. Clinically, our data suggest
that neutrophil fungicidal capacity is not correlated
with biochemical or hematologic parameters; however,
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we would need larger sample sizes for validation and
statistical significance.

Neutrophil swarming is a newly recognized phys-
iologic process involving a coordinated neutrophil
cell-to-cell communication, which results in exponen-
tial recruitment to sites of inflammation and infec-
tion, and subsequent blockage of the growth and
spread of pathogens.™>' Very little work to date has
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examined neutrophil swarming function in patients
with liver diseases. One study found that patients who
suffered major trauma displayed defective swarm-
ing ability, recruiting less neutrophils and generating
smaller swarms.*? Another study found that neu-
trophils from patients with chronic granulomatous
disease form larger swarms, but their ability to coun-
teract the growth of Candida clusters is reduced.!?
Interestingly, in patients with cirrhosis, we found that
swarms readily form and are comparable in size to
healthy controls. This observation also stands in con-
trast with results from prior studies that have shown
that neutrophils from patients with cirrhosis have a
decreased ability to migrate to sites of infection.®

These differences may be explained by our ex vivo
study experimental design that examines a two-
dimensional response to pathogens, whereas in vivo
defects also include extravasation of neutrophils from
the circulation toward sites of tissue damage and infec-
tion. Despite seemingly normal neutrophil recruitment
to the swarms, there was still a significant inability
of cirrhotic neutrophils to control Candida growth,
shown both by faster hyphal escape from swarms
and greater area of fungal growth. These data suggest
that despite robust swarming recruitment, a fungi-
cidal defect persists. This observation is in agreement
with the results from the killing assay, which similarly
point to an apparent intrinsic cell defect. There are
multiple variables capable of explaining these findings,
including immune cellular exhaustion related to high
levels of inflammatory cytokines, as well as epigen-
etic changes, which are well known to influence the
function state of similar myeloid cells such as mono-
cytes.(ss) Changes to the gut microbiome, either as a
result of drugs or cirrhosis, can also affect neutrophil
function.®¥ Notably, the mechanisms responsible for
Candida control tested in the swarming assay differ
from that of the killing assay, as swarming represents
the complex interaction of neutrophils with Candida
clusters, while the latter assay involves polymorpho-
nuclear neutrophil (PMN) interactions with plank-
tonic, single yeast cells. Future studies are planned to
determine the specific cell-intrinsic factor responsible
for this defective fungal control.

Serum from patients with cirrhosis diminishes
fungicidal capacity of neutrophils from healthy indi-
viduals, suggesting a soluble, neutrophil-extrinsic
component that can influence PMN function. We
examined serum biochemical components and noted
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no significant correlations with impaired neutrophil
function. Due to the relatively small group of patients
with cirrhosis, additional sample size and power are
required to clarify these correlations. Additionally,
we showed that neutrophil fungicidal capacity is not
affected by medications commonly used to manage
cirrhosis (such as beta blockers, spironolactone, furo-
semide, octreotide, and PPIs) ex wivo. We also found
that although few patients with decompensated cir-
rhosis were prescribed those medications, there was
no significant difference in Candida killing capacity
in patients, regardless of medication use. Controlling
for the effect of antimicrobials on neutrophil killing
within the cirrhotic cohort revealed no change in the
relationship between healthy control and cirrhosis.
Given that FQ_can augment neutrophil function, we
examined the patients treated with FQ_to determine
whether the drug influenced their neutrophil function.
Six patients on ciprofloxacin exhibited a lower capac-
ity to control C. albicans, although when sequestered
from analysis there remained a statistical difference
between cirrhotic and healthy-control killing effect,
thus confirming a cell-intrinsic defect unrelated to
the drug.

We next measured and compared cytokine levels in
plasma from both patients with cirrhosis and healthy
controls. Similar to prior publications, we found that
levels of IL-6, IL-8, and TNF-a were significantly
higher in patients with cirrhosis compared to healthy
controls.®¥ Neutrophil exhaustion is a term that
describes decreased toxic granule release, ROS pro-
duction, and decreased neutrophil extracellular trap
formation in response to usual neutrophil-activatin
signals, due to chronic excessive stimulation.®1%
It has been shown that patients with cirrhosis who
harbor a genetic variant in the pro-inflammatory
cytokine TNF-a result in decreased serum levels of
TNF-o and, interestingly, have overall reduced inci-
dence of clinically severe bacterial infections.®® The
finding of presumably improved neutrophil function
in patients with low inflammatory cytokines together
with our data suggests that altered neutrophil function
in the setting of persistently high levels of inflamma-
tory cytokines may result in neutrophil exhaustion and
subsequent loss of proper fungal control in patients
with cirrhosis.

Finally, we turned attention to cytokine augmenta-
tion in an attempt to restore the coordinated swarming
function of neutrophils against Candida. It has been
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shown that G-CSF administration is safe in patients
with end-stage liver disease® and that it can restore
neutrophil defects in acute liver failure.?? However,
treatment of patients with decompensated cirrhosis
tollowing G-CSF is controversial due to variant clin-
ical outcomes. >3 We attempted to restore neu-
trophil function by priming neutrophils ex vive with
G-CSF and GM-CSF. We observed that both G-CSF
and GM-CSF directly restored the ability of neutro-
phils from patients with cirrhosis to control C. albicans
growth, to levels comparable to healthy control neu-
trophils. This observation suggests that the signaling
cascades of cytokines involved in inflammation (i.e.,
1L-6, IL-8, and TNF-«) are distinct from those of the
growth factors G-CSF and GM-CSEF. It is known that,
for instance, IL-6 signals through Jak1/Tyk2, whereas
G-CSF and GM-CSF both signal through Jak2.®®
These distinct signaling pathways provide a plausible
explanation for reduction of infectious diseases in Frior
studies using G-CSF in patients with cirrhosis.?>%”)
Additional clinical investigations, including neutrophil
function profiling assays, are warranted before using
G-CSF and GM-CSF as prophylaxis against, or treat-
ment for, fungal infections in patients with cirrhosis.*”

Overall, we have shown that neutrophils from
patients with cirrhosis have decreased fungicidal
capacity. We confirm that neutrophils from patients
with cirrhosis have a diminished ability to control
planktonic C. albicans, while simultaneously report-
ing their lost capacity to form effective, coordinated
swarms. This defect may be due to neutrophil exhaus-
tion in the setting of persistently elevated circulating
levels of inflammatory cytokines. We also have shown
that neutrophil function can be partially restored after
priming neutrophils with G-CSF and GM-CSFE.
Better understanding of the molecular mechanisms
responsible for neutrophil dysfunction and potential
use of cytokines or growth factors as therapeutics in
patients with cirrhosis may help prevent invasive fun-
gal infections and their associated high mortality.

Acknowledgment: The authors thank all of the patients
who donated blood to participate in this study.
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